The on-going phase mixing in the vertical direction of the Galactic disk has been discovered with the revolutionary Gaia DR2 data. It manifests itself as the snail shell in the Z − V Z phase space. To better understand the origin and properties of the phase mixing process, we study the phase-mixing signatures in moving groups (also known as the kinematic streams) with the Gaia DR2 data in the Galactic disk near the Solar circle. Interestingly, the phase space snail shell exists only in the main kinematic streams with |V R | 50 km/s and |V φ − V LSR | 30 km/s, i.e., stars on dynamically "colder" orbits. No snail shell is discernible for stars on hotter orbits. Thus one should pay closer attention to the colder orbits in future phase mixing studies. We also confirm that the Hercules stream has two branches (at fast and slow V φ ), which may not be explained by a single mechanism, since the phase space snail shell is only seen in the fast branch, but not in the slow one. Compared to the colder orbits, the hotter orbits may have phase-wrapped away already due to the much larger dynamical range in radial variation to facilitate faster phase mixing. These results help put tighter constraints on the vertical perturbation history of the Milky Way disk. To explain the lack of a well-defined snail shell in the hotter orbits, the disk should be perturbed at least ∼ 400 − 500 Myr ago. Our results offer more support to the external perturbation scenario than the internal bar buckling perturbation scenario as the origin of the phase space mixing. The more prominent snail shell in the V φ color-coded phase space is due partly to the fact that only the colder orbits exhibit the phase space spiral, with the featureless distribution of the hotter orbits providing a contrasting background.
INTRODUCTION
The Milky Way disk is not in a complete dynamical equilibrium. It is still phase mixing in both horizontal and vertical directions. Since the full phase-space information of individual stars may be obtained, the Milky Way is unique and valuable to reveal the disk dynamical evolution in detail. The picture of the Milky Way evolution is complicated, which is affected by both internal and external perturbations. The resonances of the bar and spiral arms can significantly influence the stellar orbits to cause the radial migration and large scale radial inward/outward bulk motion in the disk (Sellwood & Binney 2002; Roškar et al. 2008; Siebert et al. 2011 Siebert et al. , 2012 Faure et al. 2014; Monari et al. 2014 Monari et al. , 2015 Monari et al. , 2016 . On the other hand, satellite galaxies or sub-halos interacting with the Milky Way can perturb the disk to generate warps, flares or other vertical motions such as the bending and breathing features in the outer disk (Quinn et al. 1993; Purcell et al. 2011; Gómez et al. 2013; Debattista 2014; Widrow et al. 2014; Wan et al. 2017) .
Using the revolutionary Gaia data Antoja et al. (2018) discovered clear evidence of vertical phase mixing in the solar neighborhood for the first time. A clear snail shell can be seen in the Z − V Z phase space. This feature can be understood as the phase mixing process in a vertically per-turbed disk, where the vertical oscillation frequency depends on the oscillation amplitude, generating a snail shell structure in Z − V Z space (Binney & Tremaine 2008; Tremaine 1999; Candlish et al. 2014; Antoja et al. 2018) . The phase space snail shell shows up more clearly when color-coded with azimuthal velocity (V φ ) of stars ( Fig. 1c in Antoja et al. 2018) , which was suggested to indicate the tight correlation between the in-plane and vertical motions. How the two motions are tangled with each other is still not completely understood (Binney & Schönrich 2018; Darling & Widrow 2019) . Since then, the properties of the snail shell and its dependence on the stellar parameters and spatial variation have been extensively studied (Tian et al. 2018; Cheng et al. 2019; Khanna et al. 2019; Wang et al. 2019) .
One possible culprit of the vertical perturbation is the merging Sagittarius dwarf with the last pericentric passage occurred at ∼ 300 − 900 Myr ago Binney & Schönrich 2018; Bland-Hawthorn et al. 2019; Laporte et al. 2019) . The other competing scenario is the internal perturbation induced by a bar buckling event, where the snail shell in phase space could persist for a few Gys (Khoperskov et al. 2019) .
It has been well known that the velocity phase space in the solar neighborhood, e.g., V R − V φ , shows complex kinematic stream features, also known as "moving groups" (Dehnen 1998; Skuljan et al. 1999; Famaey et al. 2005; Antoja et al. 2008) . Different moving groups may have different dynamical origins. Previous studies argued that internal dynamical effects of structures in the Galactic disk mainly generate kinematic features with radial velocity (U) and azimuthal velocity (V ) within ∼ 50 km/s (Antoja et al. 2010; Minchev 2016; . The kinematic streams are mainly driven by dynamical resonances of the bar and/or spiral arms FIG. 1.-The phase space distribution in V R − V φ for the sample in the Galactic disk at R = 8.34 kpc. We mark the regions of the Sirius (orange), Hyades (green), Coma Berenices (cyan), Pleiades (aqua), Hercules Fast/Slow streams (blue), and the "Other" streams region (white) in solid boxes. In addition, the High/Low-V φ , High/Low-V R regions are outlined in black dashed boxes. The region of "colder orbits" (|V R | 50 km/s, |V φ −V LSR | 30 km/s) is marked with the green thick line. (Dehnen 1999; Fux 2001; Quillen 2003; De Simone et al. 2004; Minchev 2016; . On the other hand, stars with larger radial or azimuthal velocities resembling arclike features in the V R − V φ plane may be related to the disk ringing effect caused by external interactions with satellite galaxies (Minchev et al. 2009; Gómez et al. 2012 ).
Here we utilize the second Gaia data release (DR2) with radial velocity, proper motions and parallax available to investigate the distributions of these moving groups in the Z − V Z phase space, which may shed light on the origin of the snail shell and the correlation between the in-plane and vertical motions. The sample is described in §2. The results are shown and discussed in §3, and summarized in §4.
2. SAMPLE Gaia DR2 opens a new era of precise stellar dynamics, providing astrometric parameters for 1.3 billion sources down to G ∼ 21 mag, as well as line-of-sight velocities for 7.2 million stars brighter than 12 mag, with the median parallax uncertainty for bright sources (G < 14 mag) at 0.03 mas and the proper motion uncertainty at 0.07 mas/yr (Gaia Collaboration et al. 2018a) . We adopted the same sample selection as Antoja et al. (2018) , i.e., selecting stars with positive parallaxes ϖ with relative uncertainty less than 20% (ϖ/σ ϖ > 5). As pointed out by Antoja et al. (2018) , the sample selection makes 1/ϖ a reasonably good distance estimator (Luri et al. 2018) .
The sample consists of 6.2 million stars, covering the region with 4 < R < 13 kpc. Following Antoja et al. (2018) , we adopt (X ⊙ , Y ⊙ , Z ⊙ ) = (−8.34, 0, 0.027) kpc as the Sun position (Reid et al. 2014) . The local standard of rest (LSR) circular velocity V LSR is set to 240 km/s (Reid et al. 2014 ). Here we adopt the peculiar velocities of the Sun with respect to LSR as (U ⊙ ,V ⊙ ,W ⊙ ) = (11.1, 12.24, 7.25) km/s (Schönrich 2012) . Our main results are not affected if we choose other measurements of the solar peculiar motion, e.g., Tian et al. (2015) or Huang et al. (2015) . The typical velocity uncertainty is about 1 km/s for the radial, azimuthal, and vertical velocities (Gaia Collaboration et al. 2018a; Antoja et al. 2018) .
In this study, we select the stars in a narrow annulus at R = 8.34 ± 0.1 kpc in the solar neighborhood (R 0 = 8.34 kpc), which contains ∼ 0.93 million stars. The V R − V φ phase space distribution of this sample is shown in Antoja et al. 2018; Ramos et al. 2018; Trick et al. 2019) . We confirm that the stars in this sample show the same snail shells in the Z − V Z phase space when color-coded with the number density, V R , and V φ as in Antoja et al. (2018) .
We further dissect the sample in the V R − V φ phase space into different streams, i.e., Sirius, Hyades, Coma Berenices (hereafter Coma for brevity), Pleiades, and Hercules, according to the location of these streams described in previous works (Sellwood 2010; Ramos et al. 2018; Trick et al. 2019) , and other regions for the purpose of comparison, i.e., the High/Low−V φ and High/Low−V R Regions. Gaia DR2 has revealed two possible branches of the Hercules stream (Gaia Collaboration et al. 2018b) . In this work, the Hercules stream is further divided into Hercules Fast (208 < V φ < 221 km/s) and Hercules Slow streams (193 < V φ < 208 km/s). V Z is not considered when classifying streams. Detailed properties of these streams and regions are listed in Table 1 .
In the number density map of the phase space, to highlight the snail shell in the number density map of the Z − V Z phase space, we adopt the unsharp masking method similar to Laporte et al. (2019) in the following analysis to derive the number density contrast ∆N,
where N is the Gaussian kernel convolved number density distribution.
3. RESULTS AND DISCUSSION 3.1. Dissecting the Phase Space Snail Shell As shown in Fig. 2 , clear snail shells can be seen in the Z − V Z phase space number density distributions of the Sirius, Hyades, Coma, Pleiades, and Hercules Fast streams, and the "Other" region. It seems that these streams show slightly different snail shell pattern. The radial velocity ∆V R (≡ V R − V R ; middle column) or azimuthal velocity ∆V φ (≡ V φ − V φ ; right column) color-coded phase space shows almost no snail shells, which is understandable since the V φ range of each stream is relatively narrow. The High/Low−V φ , High/Low−V R regions, and the Hercules Slow stream do not show snail shell in either the number density, V R , or V φ color-coded Z − V Z phase space, as shown in Fig. 3 .
From the V R − V φ phase space in Fig. 1 , it seems that the snail shell only exists in the region with |V R | 50 km/s and 210 V φ 270 km/s (i.e., |V φ −V LSR | 30 km/s). This velocity range corresponds to the dynamically colder orbits, which are closer to circular orbits. Stars with velocities outside that region are denoted as hotter orbits. Fig. 4 shows the phase space distributions for all the stars on colder (top row) and hotter orbits (bottom row). Stars on the colder orbits clearly show a very prominent snail shell in the number density phase space (left) and slightly weaker snail shell in the V R (middle) and V φ (right) color-coded phase spaces that are all absent for stars on hotter orbits.
As shown in Fig. 3 , the phase space distribution of the Low−V φ region is more elongated along the V Z axis than the High−V φ region. This is consistent with simple theoret- ical expectation of approximately harmonic oscillators. The difference between the median azimuthal velocities of the High−V φ and Low−V φ regions is ∼ 100 km/s, corresponding to ∼ 3.5 kpc in terms of the difference in the guiding radius (R g )
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. Therefore, compared to the High-V φ region, stars in the Low−V φ region have much smaller R g , where both the vertical oscillation frequency and vertical velocity amplitude are larger (V Z,max ∼ Ω z Z max ), resulting in a more elongated distribution along the vertical velocity axis in the Z − V Z phase space.
Two Branches of the Hercules Stream
The Hercules stream, as a prominent low azimuthal velocity structure in the velocity phase space, has been extensively studied in the literature. Stellar spectra of individual stars in the stream suggest multiple stellar populations with different ages and metallicities, arguing against the stream as a disrupted stellar cluster or the debris of a satellite galaxy (Bensby et al. 2007; Dehnen 1999; Antoja et al. 2010) . Previous theoretical works suggest that the Hercules stream is due to the bar and/or spiral arms resonances (Dehnen 2000; Antoja et al. 2010 Antoja et al. , 2014 Monari et al. 2017; Pérez-Villegas et al. 2017; Bland-Hawthorn et al. 2019) .
Gaia DR2 showed that the Hercules stream may be composed of two branches at different azimuthal velocities (Gaia Collaboration et al. 2018b) . For the two branches of the Hercules stream, it is surprising to see that only the Hercules Fast stream (bottom row in Fig. 2) shows the snail shell but not for the Hercules Slow stream (bottom row in Fig. 3) . This difference may be physical and not due to small number statistics, since the Hercules Slow stream even has ∼ 40% more stars than the Hercules Fast stream as listed in Table 1 . Therefore, the Hercules stream may not be a homogeneous kinematic structure. If the two branches can be explained by a single mechanism, then it is difficult to understand the difference in the vertical phase space distributions, considering the small azimuthal velocity difference between the two branches.
, assuming a flat rotation curve.
3.3. Phase Mixing in Colder and Hotter Orbits The snail shell in the Z − V Z phase space reflects the vertical phase mixing with anharmonic oscillation . Stars with larger vertical action J Z have smaller vertical oscillation frequency Ω Z (Binney & Schönrich 2018) . Binney & Schönrich (2018) also showed that Ω Z depends sensitively on V φ , with smaller Ω Z at larger V φ , which forms a narrow and sequential distribution in Ω Z − √ J Z plane for each V φ . Our result shows clear phase space snail shells for stars in individual moving group on the colder orbits. This is consistent with Binney & Schönrich (2018) ; each moving group usually has a small V φ range, which corresponds nicely to a narrow strip in the Ω Z − √ J Z plane to induce a clear phase space snail shell.
However, according to Binney & Schönrich (2018) , the phase space snail shell shape may change dramatically at different V φ . This is not observed in our results, where different moving groups (at quite different V φ ) in the colder orbits seem to show only slightly different snail shell shapes. Stars on the hotter orbits do not even show a snail shell at all. Binney & Schönrich (2018) suggested that the unclear snail shell in the phase space number density distribution observed in Antoja et al. (2018) is due to the fact that stars lie in a "broad swath" in the Ω Z − √ J Z plane. As shown in the top left panel of Fig. 4 , all the stars on colder orbits show prominent snail shell in the phase space number density distribution. These results may indicate that the distribution of stars on colder orbits in the Ω Z − √ J Z plane is more well-defined and narrower than "a broad swath".
Both the analytical estimation and simple test particle simulations using galpy 6 (Bovy 2015) with the MWPotential2014 show that stars on hotter orbits typically have much larger dynamical range in the disk with the radial oscillation amplitudes (R max − R min )/2 ∼ 2 kpc than stars on colder orbits ( 0.7 kpc). As shown in Bland-Hawthorn et al. (2019) , given the same amplitude of the vertical perturbation, stars on circular orbits at larger radius will form a more loosely winding phase space snail shell at lower vertical oscillation frequency than the stars on circular orbits at smaller radius. The snail shell at larger radius becomes more elongated in the Z direction, but reduced in the V Z direction (Ω z ∼ V Z,max /Z max ). Due to the large radial range of the hotter orbits, the elongation of the Z − V Z phase space ellipse changes during its radial oscillation, leading to a blurred distribution and faster phase mixing. Using radial action J R as a tracer of orbit eccentricity, the larger J R subsample (above median J R ) of Bland-Hawthorn et al. (2019) shows a weak phase space snail shell. It is likely that their high J R subsample contains a significant fraction of colder orbits defined by us, giving rise to the weak snail shell.
Stars on the hotter orbits have probably phase-wrapped away already to show no snail shell, while the stars on the colder orbits are still in the process of vertical phase mixing. To demonstrate this we perform a simple simulation with 100,000 test particles in a realistic Milky Way potential (Irrgang et al. 2013) to track the evolution of the hotter orbits. Note that our test particle simulation can well reproduce the simulation results in Antoja et al. (2018) , e.g., their Fig. 3a and Extended Figs. 3a and 3b .
We set the initial condition to mimic the evolution of the vertical perturbations of the High−V φ region in the solar neighborhood with similar velocity dispersion σ φ and σ R as those in Fig. 1 . Different from the simulation of Antoja et al. (2018) , our simulation allows radial variation of particle orbits, which enables the coupling of the in-plane and vertical motions. The result is shown in Fig. 5 . It seems that stars on hotter orbits can maintain a well-defined snail shell in the Z − V Z phase space for ∼ 400 − 500 Myr. Other hotter orbits show similar time scale for the disappearance of a well defined snail shell. The phase space snail of the Low−V φ stream disperses even faster because of the smaller guiding radius. The vertical phase mixing should have started at least ∼ 400 − 500 Myr ago. Our result helps put tighter constraints on the vertical perturbation event of the Milky Way disk, which was suggested to occur ∼ 300 − 900 Myr ago Binney & Schönrich 2018; Tian et al. 2018; Bland-Hawthorn et al. 2019; Laporte et al. 2019) .
We have shown that the existence or the lack of the phase space snail shells is connected to the dichotomy of colder and hotter orbits. Our results and explanations strongly argue against the suggestion that the phase space snail shell is mainly produced by the major moving groups with no evidence of the ongoing vertical phase mixing (Michtchenko et al. 2019 ).
3.4. V R and V φ Color-Coded Phase Spaces Binney & Schönrich (2018) suggested that the vertical and radial oscillation frequencies (Ω Z , Ω R ) anti-correlate with V φ (hence the angular momentum or the guiding radius R g ). Stars with different V φ follow a narrow and sequential trend in the Ω Z − √ J Z plane, leading to the formation of the snail shell in the V φ color-coded phase space. On the other hand, faster Ω R leads to faster change of V R . Therefore, the V R color-coded phase space shears into a spiral that differs from the V φ color-coded phase space spiral in the tightness of the winding (Binney & Schönrich 2018) . Different simulations also indicate that the coupled motions in horizontal and vertical directions lead to clear snail shells in V R and V φ color-coded phase spaces (Bland-Hawthorn et al. 2019; Darling & Widrow 2019; Laporte et al. 2019) . In particular, the bar buckling perturbation scenario produces the most clear snail shell in V R color-coded phase space (Khoperskov et al. 2019) .
However, for each stream in colder orbits, V R and V φ colorcoded phase spaces show no clear snail shell (see Fig. 2 ). It may be understandable for streams with a narrow range of V φ . But the "Other" region, with V R and V φ covering 40 km/s and 30 km/s respectively, shows prominent snail shell in the phase space number density distribution, but not in the V R or V φ color-coded phase space. Given such a large V R and V φ coverage, there should be clear snail shell in the V R or V φ color-coded phase space (Binney & Schönrich 2018) . Apparently these are inconsistent with our result. More theoretical efforts are needed in the future to properly explain the phase space properties of the "Other" region.
In Fig. 4 , if we combine all the stars on colder orbits, a weak snail shell in V φ (and even weaker in V R ) color-coded phase space is present. These results suggest that the coupling between the in-plane and vertical motions may be weaker for the colder orbits than previously expected.
For each stream in the colder orbits, the variation of the guiding radius (R g ) is ∼ 0.5 kpc 7 , while the radial oscillation amplitude of the epicyclic motion is estimated to be 0.7 kpc. For streams with a relatively large range of V φ , it is likely that the distribution of the stars with different V φ in Ω Z − √ J Z plane are similar or overlapping significantly to show no snail shell in the V φ color-coded phase space, which may be due to the small difference in R g and the small epicycle amplitude.
3.5. The Enhanced Snail Shell in the V φ Color-Coded Phase Space 7 For the "Other" region, Rg variation is ∼ 1 kpc due to the larger V φ range.
Mathematically speaking, the V φ color-coded phase space in Antoja et al. (2018) is just the number weighted average of the azimuthal velocity of all the streams and regions in the velocity phase space. In an ideal case, imagine that in the velocity phase space there is only one stream at some V φ and a featureless background at lower V φ . If all the stars in this stream are arranged into a snail shell shape in Z − V Z number density phase space, then the combination with the smooth background at lower V φ naturally results in a pronounced snail shell in the V φ color-coded phase space, which has the same shape and phase as the snail shell in the number density distribution.
To demonstrate this point, we use the Low−V φ , High/Low−V R regions, and Hercules Slow stream together as the featureless background 8 , which is then combined with each individual stream in Fig. 2 . The V φ color-coded phase space of the combination is shown in Fig. 6 . A prominent snail shell shows up for each stream in the V φ color-coded phase space. Consistent with our expectation, the shape of the snail shell is similar to that in the number density distribution in the phase space.
To summarize, it is the colder orbits that manifest the effect of ongoing vertical phase mixing, with the hotter orbits providing a featureless background to highlight the snail shell of the colder orbits in the V φ color-coded phase space.
4. SUMMARY We provide a new perspective to understand the origin of the snail shell in the Z − V Z phase space and its dependence on the radial and azimuthal velocity with the Gaia DR2 data. Interestingly, the snail shell only exists for stars on the colder orbits (|V R | 50 km/s and |V φ − V LSR | 30 km/s). The Sirius, Hyades, Coma, Pleiades, "Other", and the Hercules Fast streams show clear snail shell in the phase space number density distribution, but not for the High/Low−V φ , High/Low−V R regions, and the Hercules Slow stream, which are mainly composed of stars on hotter orbits. Thus one should focus more on the colder orbits in the future phase mixing study, with stars on the hotter orbits removed.
We also confirm that the Hercules stream is composed of two branches with different V φ . Only the fast branch shows the snail shell, similar to the streams on colder orbits. The Hercules stream may not be a homogeneous kinematic structure, which probably formed via different physical processes.
It seems that stars on hotter orbits have sufficiently phasemixed to show no snail shell in the Z − V Z space. The hotter orbits typically have much larger dynamical range in the disk than the colder orbits. Therefore, stars on hotter orbits make blurred elliptical rotation in the Z − V Z phase space, which leads to faster phase mixing. These results help to put tighter constraints on the vertical perturbation history of the Milky Way disk. To explain the lack of snail shell in the hotter orbits, the Milky Way disk should be perturbed at least ∼ 400 − 500 Myr ago.
The bar buckling perturbation scenario (Khoperskov et al. 2019 ) is less favored by our results because it predicts that the snail shell in the V R color-coded phase space is more pronounced than that in V φ and number density, which is inconsistent with our results. They also suggested that the snail shell can sustain for ∼ 4 Gyr due to the persistence of the bending wave in the disk. It is not clear if this scenario could explain the lack of snail shells in hotter orbits. In addition, the contribution of the bar buckling mechanism on the Milky Way disk vertical perturbation may be weaker compared to that of the Sagittarius dwarf (Laporte et al. 2019) .
We find that no snail shell can be seen in the V R or V φ colorcoded phase space for all the streams on colder orbits. When all the stars on colder orbits are combined together, a weak snail shell in the V R and V φ color-coded phase spaces can be recognized. These results suggest that the coupling between the in-plane and vertical motions for the colder orbits may be weaker than previously thought. Only the colder orbits exhibit the effect of ongoing vertical phase mixing. The featureless phase space distribution of the hotter orbits provides a background to highlight the snail shell of the colder orbits in the V φ color-coded phase space.
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